Introduction
Granulocyte colony-stimulating factor (G-CSF) has been the standard hematopoietic growth factor for increasing the levels for circulating hematopoietic stem cells (HSCs) in both healthy subjects donating cells for allogeneic transplantation and patients donating cells for autologous transplantation. G-CSF-mobilized HSCs collected by apheresis have been used for transplantation, immune therapy, and the treatment of cardiac ischemia. Another HSC-mobilizing agent, plerixafor (AMD3100), has been used in large animal models, 1,2 with G-CSF to mobilize stem cells for autologous transplants 3 and is currently being evaluated as a single agent to mobilize HSCs for allogeneic donor transplants. 4 The mechanisms by which plerixafor and G-CSF alter HSC trafficking and mobilize HSCs are different, suggesting that HSCs with different intrinsic properties may be mobilized by these agents. Plerixafor, as a CXC chemokine receptor 4 (CXCR4) antagonist, mobilizes HSCs within 6 hours [5] [6] [7] by disrupting the engagement of stem cell surface CXCR4 8, 9 with its ligand SDF-1 (CXCL12), which is expressed on marrow osteoblasts. 10, 11 In contrast, G-CSF mobilizes stem cells indirectly by downregulating the expression of CXCL12 on marrow osteoblasts and by releasing neutrophil and monocyte proteolytic enzymes, including neutrophil elastase, cathepsin G, and matrix metalloproteinase-9, which in turn degrade important HSC-trafficking and adhesion molecules c-kit, VCAM-1, and CXCR4. 12 Animal models suggest that plerixafor mobilizes a CD34 ϩ cell population different from that mobilized by G-CSF, 2, 13, 14 due to differences in mechanisms of mobilization.
To explore differences between plerixafor and G-CSF mobilization, we used a rhesus macaque HSC-mobilization model to compare CD34 ϩ cells mobilized by G-CSF and plerixafor. We also compared CD34 ϩ cells mobilized with G-CSF and plerixafor in combination. The combination of G-CSF plus plerixafor was tested because it is being used clinically, and when these agents are used together, more CD34 ϩ cells are mobilized than when either agent is used alone. 3, 15 The CD34 ϩ cells were compared using global gene and microRNA expression analysis.
Mobilization and collection of PBSC concentrates
CD34 ϩ cells were mobilized, and PBSC concentrates were collected from rhesus macaques that were housed and handled in accordance with the guidelines set by the Committee on Care and Use of Laboratory Animals of the Institute of Laboratory Animal Resources, National Research Council (DHHS publication no. NIH 85-23). The protocol was approved by the Animal Care and Use Committee of the National Heart, Lung, and Blood Institute, National Institutes of Health.
G-CSF mobilization involved the administration of 10 g/kg G-CSF (Filgrastim; Amgen) subcutaneously daily for 5 days. When plerixafor (Genzyme) was used to mobilize peripheral blood mononuclear cells (PBMCs), a single dose of 1 mg/kg plerixafor was given subcutaneously, and when both G-CSF and plerixafor were given, 10 g/kg G-CSF was given for 5 days and 1 mg/kg plerixafor was given on the fifth day. PBSC concentrates were collected by apheresis approximately 2 hours after the last dose of G-CSF or plerixafor. The PBSCs were collected using a CS3000 plus blood cell separator (Baxter Healthcare Corp, Fenwal Division). 16 The concentrates were processed to remove contaminating red blood cells and granulocytes by using Ficoll gradient separation. CD34 ϩ cells were isolated by immunomagnetic separation as previously described. 16 Purification was determined following immunoselection using phycoerythrin-conjugated murine anti-rhesus/human CD34 antibody (clone 563; BD Biosciences), which recognizes a different epitope from that used in the immunoselection procedure. The processed CD34 ϩ cells were frozen and stored at Ϫ80°C until analysis. CD34 ϩ cells were isolated by immunomagnetic selection from plerixafor, G-CSF, and plerixafor plus G-CSFmobilized PBSCs collected by apheresis. The CD34 ϩ cells and unabsorbed PBMCs were analyzed by gene expression profiling using a cDNA microarray with more than 17 000 genes. The 5378 genes that were expressed in at least 80% of the samples and were increased at least 2-fold in one sample were analyzed by hierarchical cluster of Eisen. G indicates G-CSF; A, plerixafor; AϩG, plerixafor plus G-CSF. Figure 2 . Unsupervised hierarchical clustering analysis of gene differentially expressed among CD34 ؉ cells mobilized plerixafor, G-CSF, and plerixafor plus G-CSF in 3 rhesus macaques. The CD34 ϩ cells were analyzed by gene expression profiling using a cDNA microarray with more than 17 000 genes. Among 5378 genes that were expressed in at least 80% of the samples and were increased at least 2-fold, 1097 were found to be differentially expressed in 3 clusters of CD34 ϩ cells (F test, P Յ .005). The differentially expressed genes were analyzed by hierarchical cluster of Eisen. G indicates G-CSF; A, plerixafor; AϩG, plerixafor plus G-CSF. Analysis of gene expression with a 17 500 gene cDNA microarray
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Total RNA was extracted from the rhesus samples and amplified into antisense RNA (aRNA). In addition, total RNA from human PBMCs pooled from 6 healthy subjects was extracted and amplified into aRNA to serve as a constant reference. Test and reference RNA were labeled with Cy5 (red) and Cy3 (green), respectively, and cohybridized to a custom-made 17.5K cDNA (UniGene cluster) microarray. The microarrays were printed in the Immunogenetics Section, Department of Transfusion Medicine (DTM), Clinical Center (CC), National Institutes of Health with a configuration of 32 ϫ 24 ϫ 23 and contained 17 500 elements. The clones used for printing the arrays included a combination of the Research Genetics RG_HsKG_031901 8k clone set and 9000 clones selected from the RG_Hs_seq_ver_070700 40k clone set. The 17 500 spots included 12 072 uniquely named genes, 875 duplicated genes, and approximately 4000 expression sequence tags. A complete list of genes included in the Hs-CCDTM-17.5k-1px printing is available at http://nciarray.nci.nih.gov/gal_files/index.shtml.
Analysis of miRNA expression with a microarray
Two g total RNA from each sample were labeled with Hy5 and the reference sample (total RNA from Epstein-Barr virus-transformed lymphoblastoid cell lines) with Hy3 by using a miRCURY LNA Array Power Labeling Kit (Exiqon) following the recommended protocol by the manufacturer's instruction. A commercially available miRNA probe set with 827 human, mouse, and Epstein-Barr virus miRNA was purchased from Ambion and printed onto the glass slides in the Immunogenetics Section of DTM. A complete list of miR included in our microRNA assay is available at http://nciarray.nci.nih.gov/gal_files/CCDTM-miRNA700-V3px-A.gal. After labeling, the sample and reference were cohybridized to the miRNA array at room temperature overnight. Both the processed cDNA and the miRNA array slides were scanned by using GenePix Pro 4.0 (Axon). Microarray data have been deposited with Gene Expression Omnibus under accession number GSE16936.
Data and statistical analysis
For analysis of the cDNA and miRNA array data, the raw dataset was filtered according to a standard procedure to exclude spots with minimum intensity. This filtering was arbitrarily set to an intensity parameter of 300 for cDNA expression data and 100 for miRNA array data in both fluorescence channels. Spots flagged by the analysis software and/or spots with diameters less than 25 m for cDNA expression array and less than 10 m for the miRNA array were excluded from the analysis.
The filtered data were normalized using Lowess Smoother and were retrieved by the BRB ArrayTool (http://linus.nci.nih.gov/BRB-ArrayTools. html) developed at the National Cancer Institute, Biometric Research Branch, Division of Cancer Treatment and Diagnosis. Hierarchical cluster For personal use only. on July 10, 2017. by guest www.bloodjournal.org From analysis was conducted on the genes or miRNA by using Cluster and TreeView software. 17 The relationships between the different groups of mobilized CD34 ϩ cells were tested by applying unsupervised the Eisen hierarchical clustering method. 17 For annotation of genes and functional pathways, the Database for Annotation, Visualization, and Integrated Discovery (DAVID) 2007 software (http://david.abcc.ncifcrf.gov/) 18 and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway (http://www.genome.ad.jp/kegg) were used. All target prediction analysis used BRB ArrayTool microRNA targets program (http://linus.nci.nih.gov/BRB-ArrayTools.html), TargetScan (http://www.targetscan.org), and miRBase Targets (http://microrna.sanger.ac.uk).
Results
PBSC mobilization and collection
The greatest quantities of CD34 ϩ cells were isolated from plerixafor plus G-CSF-mobilized PBMC concentrates (Table 1) . Similar quantities of CD34 ϩ cells were isolated from G-CSFmobilized and plerixafor-mobilized PBSC concentrates. Interestingly, the composition of the products differed with more mononuclear cells appearing in the plerixafor-mobilized products than either the G-CSF-mobilized or plerixafor plus G-CSFmobilized products.
Gene expression analysis
Mobilized CD34 ϩ cells and the peripheral blood leukocytes that were not absorbed with anti-CD34 were analyzed by gene expression profiling using a microarray with 17 500 cDNA probes. The 5378 genes that were expressed in 80% of these samples and whose expression was increased 2-fold or more in at least one sample were analyzed by unsupervised hierarchical clustering of Eisen ( Figure 1 ). The samples clustered into 2 major groups: the CD34 ϩ group, which included all 9 CD34 ϩ cell samples, and the peripheral blood leukocyte group, which included all 9 unabsorbed leukocyte samples. Within the CD34 ϩ cell group, a large cluster of genes were expressed at similar levels among all CD34 ϩ cell samples. The expression of a second cluster of genes, however, differed among CD34 ϩ cells. In fact, the CD34 ϩ group was made up of 3 separate clusters: one group that contained all 3 G-CSF-mobilized CD34 ϩ cell samples and one plerixafor-mobilized CD34 ϩ cell sample, one group that contained 2 plerixafor-mobilized CD34 ϩ cell samples, and one that contained all 3 plerixafor plus G-CSF-mobilized CD34 ϩ cells samples. These results suggest that CD34 ϩ cells mobilized by G-CSF alone and plerixafor alone differ and CD34 ϩ cells mobilized by the combination of plerixafor plus G-CSF differed from those mobilized by either G-CSF alone or by plerixafor alone.
To further explore the differences among the 3 types of CD34 ϩ cells, we identify 1097 genes that were differentially expressed among the 3 types of CD34 ϩ cells (F tests, P Ͻ .005). Hierarchical clustering analysis of the differentially expressedgenes separated the CD34 ϩ cells into 3 clusters: one with all 3 G-CSF-mobilized samples, one with all 3 plerixaformobilized samples, and one with all 3 plerixafor plus G-CSFmobilized samples (Figure 2 ). Although the CD34 ϩ cells samples were clustered into 3 separate groups, according to mobilization protocol, the transcription profiles of the plerixafor plus G-CSF-mobilized CD34 ϩ cells were not simply a mixture of genes differently expressed by G-CSF-mobilized and plerixafor-mobilized cells. Although some genes that were upregulated in plerixafor plus G-CSF-mobilized CD34 ϩ cells were also up-regulated in plerixafor-mobilized or G-CSFmobilized CD34 ϩ cells, many genes were only up-regulated in plerixafor plus G-CSF-mobilized CD34 ϩ cells (Figure 2) . Similarly, many genes were only down-regulated in plerixafor plus G-CSF-mobilized CD34 ϩ cells (Figure 2 ). These results suggest that G-CSF, plerixafor, and the combination of plerixafor plus G-CSF mobilized 3 biologically distinct types of HSCs.
Comparison of gene expression in G-CSF-and plerixafor-mobilized CD34 ؉ cells
Student t tests were used to identify genes that were differentially expressed between G-CSF-mobilized CD34 ϩ cells and plerixafor-mobilized CD34 ϩ cells. The expression of 593 genes was greater in G-CSF-mobilized CD34 ϩ cells than plerixaformobilized CD34 ϩ cells, and the expression of 618 was greater in plerixafor-mobilized CD34 ϩ cells (P Ͻ .05). Genes in the complement and coagulation cascades, Toll-like receptor signaling, ErbB signaling, acute myeloid leukemia, vascular endothelial growth factor signaling, and several metabolism and biosynthesis pathways were more likely to be up-regulated in G-CSFmobilized CD34 ϩ cells (Table 2) . Up-regulated genes in plerixafor-mobilized CD34 ϩ cells were more likely to include those in the T-cell receptor, primary immunodeficiency, TGFbeta signaling pathway, cell cycle, B-cell receptor, antigen presentation, and cell adhesion molecules signaling pathways. Genes in several pathways were up-regulated in both G-CSFand plerixafor-mobilized CD34 ϩ cells, including cytokinecytokine interaction, Jak-STAT signaling pathway, MAPK signaling pathway, hematopoietic cell lineage, natural killer cell (NK)-mediated cytotoxicity, Fc epsilon RI signaling, Wnt signaling, focal adhesion, and neuroactive ligand-receptor interaction ( Table 2 ).
Comparison of the specific genes up-regulated in G-CSFmobilized and plerixafor-mobilized CD34 ϩ cells revealed that the genes maximally up-regulated by G-CSF included the neutrophil genes, neutrophil cytosolic factor 4 (NCF4) and proteinase 3 (PR3), and the NK-cell gene Fc-gamma receptor IIIa (CD16a; Table 3 ). G-CSF-mobilized CD34 ϩ cells were also more likely to express mononuclear phagocyte genes CX3CR1, cathepsin L (CTSL), and lymphotoxin B receptor precursor. Genes expressed by several types of leukocytes that were up-regulated in G-CSFmobilized CD34 ϩ cells included Fc-gamma receptor IIb, which is expressed by neutrophils and B cells; cystatin F, which is expressed by NK cells and mononuclear phagocytes; and IL-21 receptor, which is expressed by T cells, B cells, NK cells, and mononuclear phagocytes. Analysis of the expression of CTSL by quantitative real-time polymerase chain reaction (qRT-PCR) confirmed that CTSL expression was greater in G-CSF-mobilized CD34 ϩ cells than in plerixafor-mobilized CD34 ϩ cells (Figure 3 ). The level of CTSL expressed by plerixafor plus G-CSF-and G-CSF-mobilized CD34 ϩ cells were similar.
The genes differentially up-regulated most by plerixafor included several copies of CXCR4, which is expressed by hematopoietic stem cells, T cells, B cells, monocytes, and neutrophils. Other plerixafor up-regulated genes included the B-cell genes CD79A, interleukin-7 receptor, Epstein-Barr virus-induced gene 2, and Bruton agammaglobulinemia tyrosine kinase; a T-cell gene, T-cell receptor-associated transmembrane adaptor 1; and a mast cell gene, Fc receptor of IgE 1a (Table 4 ). In addition, the expression of the HSC marker Fms-related tyrosine kinase 3 (FLT3) was up-regulated in plerixafor-mobilized CD34 ϩ cells. Analysis of CXCR4 and FLT3 expression by qRT-PCR confirmed that the expression of both was greater in plerixafor-mobilized CD34 ϩ cells than G-CSFmobilized CD34 ϩ cells (Figure 3) . These results suggest that G-CSF- For personal use only. on July 10, 2017. by guest www.bloodjournal.org From mobilized CD34 ϩ cells are more likely to include neutrophil and macrophage precursors, and plerixafor-mobilized CD34 ϩ cells are more likely to contain T-cell, B-cell, and mast cell precursors.
Gene expression analysis of CD34 ؉ cells mobilized by plerixafor plus G-CSF
To assess the nature of CD34 ϩ cells mobilized by the combination of plerixafor plus G-CSF, we combined the gene expression results from CD34 ϩ cells mobilized with G-CSF alone and with plerixafor alone, and compared this dataset with CD34 ϩ cells mobilized with plerixafor plus G-CSF. A total of 1375 genes were up-regulated in plerixafor plus G-CSF-mobilized CD34 ϩ cells compared with those mobilized with G-CSF alone and plerixafor alone, and 1449 were up-regulated in CD34 ϩ cells regulated with G-CSF alone and plerixafor alone (t tests, P Ͻ .05).
Analysis of the pathways that contained the most genes up-regulated in CD34 ϩ cells found that the genes up-regulated in the plerixafor plus G-CSF-mobilized CD34 ϩ cells were more likely to belong to B-cell signaling, Fc epsilon RI signaling, Toll-like receptor, and cell cycle (Table 5) . Those down-regulated in the plerixafor plus G-CSF-mobilized CD34 ϩ cells were more likely to belong to ribosome, antigen processing and presentation, and vascular endothelial growth factor signaling pathways.
Analysis of the specific genes up-regulated in plerixafor plus G-CSF-mobilized CD34 ϩ cells found that, when compared with G-CSF alone and plerixafor alone mobilized CD34 ϩ cells, plerixafor plus G-CSF-mobilized CD34 ϩ cells expressed increased levels of B-cell genes: immunoglobulin alpha heavy chain constant region, Bruton agammaglobulinemia tyrosine kinase, and immunoglobulin gamma 3 heavy chain constant region (Table 6 ). In addition, the T-cell gene granzyme A; the HSC gene HOXA9; an NK cell gene, lectin-like NK-cell receptor (LLT1); and a gene encoding a protein found in the extracellular matrix and macrophages tissue inhibitor of metalloproteinase (TIMP3) were upregulated (Table 6 ). The CD34 ϩ cell genes up-regulated most by plerixafor plus G-CSF also included prostaglandin-endoperoxide synthase 2 (PTGS2) or cyclooxygenase 2 (COX2), an important enzyme in arachidonic acid metabolism and prostaglandin production. Analysis of PTGS2 and HOXA9 expression by qRT-PCR confirmed that the expression of PTGS2 was greater in plerixafor plus G-CSF-mobilized CD34 ϩ cells than in those mobilized by plerixafor alone or G-CSF alone (Figure 3 ). The expression of HOXA9 was similar among CD34 ϩ cells mobilized by each of the 3 regimens but was much greater than that for peripheral blood leukocytes ( Figure 3) .
We also identified the genes that were down-regulated most in plerixafor plus G-CSF-mobilized CD34 ϩ cells. Among the genes down-regulated most in plerixafor plus G-CSF-mobilized CD34 ϩ cells were a number of ribosomal protein genes, cathepsin S (an enzyme important for antigen processing), neutrophil receptor formyl peptide receptor 1, bone morphogenic protein 2, laminin, and gamma 3 ( Table 7) .
MIR expression analysis
A comparison of differentially expressed miR between plerixaforand G-CSF-mobilized CD34 ϩ cells found that 2 miR were *The fold increase for each gene is the average expression in the plerixafor plus G-CSF-mobilized CD34 ϩ cells from 3 rhesus divided by the average expression of the same gene in the CD34 ϩ cells mobilized by plerixafor from 3 monkeys and CD34 ϩ cells mobilized by G-CSF from 3 monkeys.
up-regulated in plerixafor-mobilized CD34 ϩ cells, miR-34c and miR-432 (Table 8) . A miR, miR-126, that was previously found to be up-regulated in G-CSF-mobilized peripheral blood CD34 ϩ cells compared with peripheral blood leukocytes 19 was up-regulated in G-CSF-mobilized CD34 ϩ cells compared with plerixaformobilized CD34 ϩ cells (Table 8 ). The expression of miR-155, which is up-regulated during macrophage activation, 20 was also greater in G-CSF-mobilized CD34 ϩ cells. In addition, among the miR up-regulated in G-CSF-mobilized CD34 ϩ cells were miR-21, miR-129-3p, miR-146b, miR-99a, miR-126*, and miR-10a*.
We also identified miRs differentially expressed between CD34 ϩ cells mobilized by plerixafor plus G-CSF and those mobilized by G-CSF alone and plerixafor alone. The levels of miR-126* and miR-142-3p were greater in plerixafor plus G-CSF-mobilized CD34 ϩ cells than in those mobilized by either G-CSF alone (Table 9 ) or plerixafor alone (Table 10 ). The Table 7 . Genes whose expression was decreased the greatest in plerixafor plus G-CSF-mobilized CD34 ؉ cells compared with those mobilized by plerixafor alone and G-CSF alone 
RPS15
Ribosomal protein S15 3.17 2.80 ϫ 10 Ϫ6
*The fold decrease for each gene is the average expression in the plerixafor plus G-CSF-mobilized CD34 ϩ cells from 3 rhesus divided by the average expression of the same gene in the CD34 ϩ cells mobilized by plerixafor from 3 monkeys and CD34 ϩ cells mobilized by G-CSF from 3 monkeys. *The fold increase is the average expression of each microRNA in CD34 ϩ cells from 3 rhesus macaque given plerixafor divided by the average expression of the same microRNA in 3 monkeys given G-CSF.
†The fold increase is the average expression of each microRNA in CD34 ϩ cells from 3 rhesus macaque given G-CSF divided by the average expression of the same microRNA in 3 monkeys given plerixafor.
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of miR-21 was also increased in plerixafor plus G-CSF-mobilized CD34 ϩ cells compared with plerixaformobilized CD34 ϩ cells (Table 10) .
The expression of miR-126*, miR-155, miR-142-3p, miR-129-3p, and miR-99a were also measured by qRT-RCR (Figure 4 ). This analysis confirmed that the expression of miR-126* and miR-142-3p was greater in plerixafor plus G-CSF-mobilized CD34 ϩ cells than in the other 2 types of CD34 ϩ cells. In addition, the analysis confirmed that the expression of miR-99a, miR-129-3p, and miR-155 was greater in G-CSF-mobilized CD34 ϩ cells than plerixafor-mobilized CD34 ϩ cells.
Discussion
Plerixafor has recently been approved by the US Food and Drug Administration for use with G-CSF to mobilize PBSCs for autologous transplantation. Because plerixafor is now clinically available, it will also likely be used to mobilize stem cells in the 1% to 5% of allogeneic donors who mobilize HSCs poorly in response to G-CSF. 21, 22 The number of CD34 ϩ cells mobilized by the combination of plerixafor and G-CSF is significantly greater than either agent alone. Because the success of allogeneic transplants is highly dependent on rapid myeloid engraftment and immune reconstitution in the transplant recipient, it is important to determine whether the critical in vivo biological activity or potency of HSCs mobilized by plerixafor and plerixafor plus G-CSF is similar to those mobilized by G-CSF. We used a surrogate assay for potency testing, global gene and microRNA expression analysis, to compare CD34 ϩ cells mobilized by plerixafor, G-CSF, and the combination of the 2 agents.
Although many of the same genes were up-regulated in CD34 ϩ cells mobilized by either plerixafor or G-CSF, the expression of a large number of genes also differed between CD34 ϩ cells mobilized by these 2 agents. G-CSF-mobilized CD34 ϩ cells were more likely to express neutrophil and mononuclear phagocyte genes than those mobilized by plerixafor. In addition, G-CSF-mobilized CD34 ϩ cells also expressed high levels of miR-155, which is expressed in maturing dendritic cells. 20 In contrast, plerixaformobilized CD34 ϩ cells were more likely to express B-, T-, and mast cell genes. These results suggest that G-CSF mobilizes a greater proportion of HSCs that are committed toward myeloid differentiation, whereas those mobilized by plerixafor are more likely to be committed toward B, T, and mast cells.
Surprisingly, the combination of plerixafor plus G-CSF mobilized a population of CD34 ϩ cells that were distinct from CD34 ϩ cells mobilized by either agent alone. CD34 ϩ cells mobilized by plerixafor plus G-CSF were more likely to express B-cell and T-cell genes than G-CSF-mobilized and plerixafor-mobilized CD34 ϩ cells. In addition, plerixafor plus G-CSF-mobilized CD34 ϩ cells *The fold increase is the average expression of each microRNA in CD34 ϩ cells from 3 rhesus macaque given plerixafor plus G-CSF divided by the average expression of the same microRNA in CD34 ϩ cells from 3 monkeys given G-CSF.
†The fold increase is the average expression of each microRNA CD34 ϩ cells from 3 rhesus given G-CSF divided by the average expression of the same microRNA in CD34 ϩ cells from 3 monkeys given plerixafor plus G-CSF.
were also remarkable for their increased expression of miR142-3p and miR-142-5p. miR-142-3p and miR-142-5p are highly expressed in T cells, 23 and miR-142-3p has been found to be increased in childhood B-cell precursor acute lymphoblastic leukemia. 24 The results suggest plerixafor plus G-CSF mobilizes a greater proportion of B-and T-cell precursors than either G-CSF or plerixafor alone.
It is not clear if plerixafor, G-CSF, or their combination mobilizes a more primitive HSC. CD34 ϩ cells mobilized by plerixafor expressed greater levels of CXCR4 and FLT3 than G-CSF-mobilized CD34 ϩ cells. Increased expression of CXCR4 in the plerixafor-mobilized population is not surprising and is consistent with the nature of the mobilization protocol, that is, interfering with the binding of CXCR4 and CXCL12. Thus, CD34 ϩ cells mobilized with plerixafor alone or in combination with G-CSF should be expressing CXCR4. FLT3 is a member of the receptor tyrosine kinase family and plays an important role in hematopoietic homeostasis. 25 It is expressed on both common lymphoid and multipotent progenitors. Higher FLT3 expression was observed in those CD34 ϩ cells mobilized with plerixafor alone or with the combination plerixafor plus G-CSF than with G-CSF alone. These increases in expression were confirmed by qRT-PCR analysis. We also found that the expression of COX2 was up-regulated in plerixafor plus G-CSF-mobilized CD34 ϩ cells. COX2 is an inducible enzyme that metabolizes arachidonic acid to a number of prostaglandins, including prostaglandin E 2 (PGE 2 ). PGE 2 has been found to be important in hematopoiesis. In zebrafish PGE 2 increases HSC numbers, and in mice it enhances spleen colonyforming units and the frequency of long-term repopulating cells. 26 PEG 2 also has been found to enhance the expression of CXCR4 on mouse CD34 ϩ cells. 27 This suggests that greater quantities of these progenitors are among plerixafor-mobilized and plerixafor plus G-CSF-mobilized CD34 ϩ cells than G-CSF-mobilized CD34 ϩ cells.
G-CSF-mobilized CD34 ϩ cells, however, have increased levels of miR-126, miR-126*, and miR-10a* compared with plerixaformobilized CD34 ϩ cells. miR-126 and miR-10a have previously been found to be expressed by CD34 ϩ cells. 19 In addition to being expressed by HSCs, miR-126 is also expressed by megakaryocytes and endothelial cells and is important in angiogenesis. 28, 29 miR-126* and miR-10a* are mirror images of miR-126 and miR-10a, respectively, and they are derived from the same pre-miR stem loop, so it is not surprising that both miR-126 and miR-126* were expressed in G-CSF-mobilized CD34 ϩ cells. These 2 miR, however, target different genes, and they may play a different role in HSC function. We found that the levels of miR-126 and miR-126* were greater in plerixafor plus G-CSF-mobilized CD34 ϩ cells than in the other types of CD34 ϩ cells. Another miR whose expression was increased in G-CSF-mobilized CD34 ϩ cells was miR-99a, which is also expressed by megakaryocytes. 29 These results suggest that G-CSF-mobilized CD34 ϩ cells may contain a wider range of lineage progenitors. Transplantation studies will be required to determine whether plerixafor, G-CSF, or the combination of these agents mobilizes a more primitive HSC. *The fold increase in the average expression of each microRNA in CD34 ϩ cells from 3 rhesus macaque given plerixafor plus G-CSF divided by the average expression of the same microRNA in CD34 ϩ cells from 3 monkeys given plerixafor.
†The fold increase in the average expression of each microRNA in CD34 ϩ cells from in 3 rhesus macaque given plerixafor divided by the average expression of the same microRNA in CD34 ϩ cells from monkeys given plerixafor plus G-CSF.
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The finding that plerixafor, G-CSF, and plerixafor plus G-CSF mobilize different types of CD34 ϩ cells is consistent with other studies that found that different agents mobilized different populations of HSCs. In a mouse model, Pitchford and colleagues have found that G-CSF mobilized greater quantities of hematopoietic progenitor cells than plerixafor but plerixafor mobilized greater quantities of endothelial progenitor cells than G-CSF. 30 They also found that the combination of G-CSF plus plerixafor mobilized greater quantities of hematopoietic progenitors than either agent alone, but not endothelial progenitors.
The results of this study have several implications for clinical HSC transplantation with mobilized PBSCs. Because plerixafor, G-CSF, and plerixafor plus G-CSF mobilize different subpopulations of CD34 ϩ cells, the potency of PBSCs mobilized by these agents may differ. The rate of engraftment and profile of transplantassociated comorbidities may differ between recipients of allogeneic transplants with plerixafor-mobilized PBSCs and those who receive G-CSF-mobilized PBSCs. In addition, the dose of CD34 ϩ cells required for successful engraftment may be different for plerixafor-and plerixafor plus G-CSF-mobilized PBSC concentrates. A preliminary study of allogeneic transplantations involving 20 HLA-compatible siblings has shown that plerixafor-mobilized PBSCs resulted in prompt neutrophil and platelet engraftment although a relatively low median dose of CD34 ϩ cells was given, 2.9 ϫ 10 6 per kilogram of recipient weight. 4 This same study found that plerixafor-mobilized PBSCs contained greater quantities of CD3 ϩ , CD4 ϩ , and CD8 ϩ cells than G-CSF-mobilized PBSCs, but the rates of acute and chronic graft versus host disease that were similar to those of historic controls who received G-CSFmobilized PBSCs at the same institution. 4 Our data suggest that if similar quantities of CD34 ϩ cell are administered, those mobilized with G-CSF may result in faster neutrophil recovery and those mobilized with plerixafor or plerixafor plus G-CSF may have more rapid B-cell and T-cell recovery. Larger controlled studies will be required to assess similarities and differences in rates of engraftment, acute and chronic graft-versus-host disease, and immune reconstitution between plerixafor-and G-CSF-mobilized PBSCs. Clinical correlates will be required to determine the minimum and optimal CD34 ϩ cell doses of plerixafor-mobilized and plerixafor plus G-CSF-mobilized PBSCs required for successful transplantations and to determine whether the rate and sequence of immune recovery differs among the mobilization regimens.
In conclusion, the composition of CD34 ϩ cells in PBSC concentrates is dependent on the mobilization regimen, and the composition of CD34 ϩ cells mobilized by a combination of agents is not a simple mixture of the cells mobilized by single agents. Unique expression profile signatures appear between populations. G-CSF, plerixafor, and plerixafor plus G-CSF mobilized different populations of CD34 ϩ cells, but further in vitro and clinical studies are needed to compare the potency of those cells mobilized by these agents.
